Huang, Yaqi, Atul Malhotra, and David P. White. Computational simulation of human upper airway collapse using a pressure-/ state-dependent model of genioglossal muscle contraction under laminar flow conditions. J Appl Physiol 99: 1138 -1148, 2005. First published April 14, 2005; doi:10.1152/japplphysiol.00668.2004.-A three-element, pressure-and state (sleep and wake) -dependent contraction model of the genioglossal muscle was developed based on the microstructure of skeletal muscle and the cross-bridge theory. This model establishes a direct connection between the contractile forces generated in muscle fibers and the measured electromyogram signals during various upper airway conditions. This effectively avoids the difficulty of determining muscle shortening velocity during complex pharyngeal conditions when modeling the muscle's contractile behaviors. The activation of the genioglossal muscle under different conditions was then simulated. A sensitivity analysis was performed to determine the effects of varying each modeled parameter on the muscle's contractile behaviors. This muscle contraction model was then incorporated into our anatomically correct, two-dimensional computational model of the pharyngeal airway to perform a finiteelement analysis of air flow, tissue deformation, and airway collapse. The model-predicted muscle deformations are consistent with previous observations regarding upper airway behavior in normal subjects.
THE RATIONALE FOR DEVELOPING a genioglossal muscle contraction model comes from the study of obstructive sleep apnea, a common disorder characterized by repetitive collapse of the pharyngeal airway during sleep (40, 61) . This results in sleep disruption, hypersomnolence, and decreased quality of life in addition to potential adverse cardiovascular outcomes (24, 28, 29, 48, 51) . However, understanding the pathophysiology of this disorder is hampered primarily by the complexity of the pharyngeal airway. Due to the limits of human experimentation and lack of suitable animal models, our knowledge of pharyngeal physiology has remained limited. We believe a sophisticated computational model of the human upper airway could overcome the limitations of experimental studies and help guide future investigations of the pathophysiology of sleep apnea, as well as potentially the treatment options for this common disorder.
One of the major difficulties in developing such a computational model is the simulation of contractile behaviors of pharyngeal muscles, especially the genioglossal muscle, under different experimental conditions. Substantial evidence in animals and humans has shown that the activity of the upper airway dilator muscles plays an important role in maintaining airway patency during breathing (42, 43, 58) . Studies of the control of genioglossal muscle activity, both awake and asleep, strongly indicate that the principal stimulus to inspiratory activity of this muscle is negative intrapharyngeal pressure, although phasic respiratory input is active as well (3, 18, 20, 38, 42, 43, 55) . During sleep, upper airway muscles respond less to negative intrapharyngeal pressure, yielding a vulnerable airway that cannot adequately respond to threats to its patency (19, 42) . Thus the airway is more collapsible asleep (39) .
We have recently developed a two-dimensional finite-element model of the pharyngeal airway to investigate the influence of the anatomic variability (particularly in upper airway length) between men and women on upper airway collapsibility (22, 37) . In that model, we accounted for the effects of tongue muscle activation during sleep by simply changing the tissue elastic modulus instead of developing a direct simulation of muscle contraction. It is apparent, however, that if we want to develop a more complex and accurate simulation of upper airway behavior, particularly if we want to investigate the effects of muscle contraction on upper airway collapsibility, a more realistic tongue muscle (genioglossal muscle) activation model is needed. Currently, there are models of the tongue describing its movements during mastication, swallowing, and speech (17, 46, 49) . However, none of these models mimics genioglossal activation during the development of negative airway pressure as occurs during respiration. In addition, the existing contractile models for skeletal muscle generally require the shortening velocities of muscle fibers as the model input when calculating the contractile force (14, 30, 33) , which are difficult if not impossible to determine for the genioglossal muscle under complex pharyngeal conditions. A common way to evaluate the activation of a pharyngeal muscle in clinical studies is to measure its electromyogram (EMG) under a variety of conditions. A larger EMG value represents a higher level of muscle activation and therefore a larger contractile force. We believe that a proper model can establish a direct connection between the contractile force and the measured EMG signal. If a mathematical relationship between the EMG signal and the contractile force can be established, this contraction model would be more convenient and more applicable than one requiring fiber-shortening velocities in upper airway computational simulations.
In the present study, we focused on developing, based on the microstructure of skeletal muscle and the cross-bridge theory (25, 26, 44) , a three-element, pressure-and state (sleep and wake)-dependent contraction model of the genioglossal muscle, which establishes a direct connection between the contractile forces generated in muscle fibers and the measured EMG signals during various upper airway conditions. Thus the activation of the genioglossal muscle under different conditions is simulated. A sensitivity analysis was then performed to determine the effects of varying each modeled parameter on the muscle's contractile behaviors. We also incorporated this muscle contraction model into our anatomically correct, twodimensional computational model of the pharyngeal airway to mimic air flow, tissue deformation, and airway collapse. However, it needs to be clearly stated that, in addition to the genioglossal muscle, other upper airway dilator muscles, as well as pharyngeal constrictor muscles, are active awake and asleep and, therefore, contribute to upper airway patency (12, 35, 41) . In a complete clinical simulation of upper airway collapse, the effects of these muscles on upper airway collapsibility must be considered. In the present study, incorporating only the genioglossus model into our computational simulation of pharyngeal behaviors does not mean that the effects of other muscles are not important. It only serves our purpose, which is to test this genioglossal muscle contraction model and to determine how the activity of this muscle can affect upper airway patency during breathing. The development and testing of such a muscle contraction model is a key step in developing a complete three-dimensional upper airway computational model, which could potentially, in the future, play an important role in surgical planning or other therapeutic approaches.
METHODS
Pressure-and state-dependent muscle contraction model. In this model, airway negative pressure is the main stimulus to muscle activation. However, the effects of state (awake or asleep) are also included. Both expiratory tonic and inspiratory phasic activation of the genioglossal muscle along its fiber's axial direction are also simulated. This genioglossal muscle contraction model is constructed based on the microstructure of skeletal muscle.
Like the well-known Hill's three-element model of skeletal muscle (14) , this genioglossal muscle model includes a parallel element, a series element, and a contractile element (see Fig. 1 ). We describe the parallel element, which mainly represents connective tissue, as a linear elastic material in which stress is linearly related to strain
where, for a one-dimensional muscle fiber model, C is simply the Young's modulus E, and p and εp are the stress and strain of the parallel element along the fiber's orientation, respectively. For a twoor three-dimensional muscle model, C, consisting of Young's modulus E and Poission ratio , is the elastic constitutive matrix, and p and εp are the stress and strain tensors in the parallel element, respectively. The series element, which comes mainly from the myosin and actin filaments, is modeled as a nonlinear elastic material
where szz and εszz are the normal stress and strain in the fiber's axial direction in the series element, respectively, with ␣ and ␤ being constants and e begin the base of the natural logarithm. The contractile element is the active part in generating a rapid shortening along the fiber's axial direction, which is controlled by the central neuron. The modeling of contraction is based on the crossbridge theory (44) , which proposes that the generation of force is due to the attachment of the cross bridges to the actin filament. In our model, the number of attached cross bridges is described as a function of both the negative upper airway pressure and the physiological state (passive, asleep, or awake). When the upper airway pressure changes, feedback is sent to the mechanoreceptor and the level of muscle activity is adjusted. We assume that, in the passive condition, all cross bridges are detached and that the actin and myosin can freely slide. Therefore, in the passive airway, only the parallel element contributes to the fiber's elasticity. In the waking condition, the number of the attached cross bridges will continuously increase with a decrease in upper airway pressure, thereby maintaining upper airway patency. During sleep, the number of attached cross bridges and, therefore, the contraction increase very slowly with a decrease in airway pressure due to a substantial reduction but not complete loss of reflex mechanisms (10, 52) . The contractile element is modeled by
where k is the spring coefficient for a single bridge, N is the number of attached cross bridges, y0 is required displacement for generating the initial contractile force, Lsar is the length of a sarcomere, and ⑀czz is the strain of cross bridges in the fiber's axial direction during contraction. A large EMG amplitude (A EMG) is interpreted as a large number of attached cross bridges, which can generate a large contractile force. Our goal is to establish a mathematical relationship between the EMG and the number of cross bridges so that we can directly use experimental information to calculate the contractile force. We thus avoid using contraction velocity in various complex pharyngeal conditions, which cannot be accurately determined. As seen in Eq. 2, the series element elongates nonlinearly with a linear increase in contractile force. If the overall muscle fiber length is largely maintained during the waking condition, the contractile element should shorten nonlinearly with the contractile force, which basically requires a nonlinear relationship between N and A EMG. We have tested different mathematical relationships between N and AEMG to assess their effects on the total fiber length under different outside loads. Based on our numerical testing results, we chose a nonlinear relationship between N and the measured A EMG, and therefore a nonlinear relationship between N and the epiglottis negative pressure P where a and m (Ͼ1) are constants, and (P) indicates that AEMG is a function of P (pressure). Therefore, Eq. 3 can be rewritten as
where c ϭ ka. This gives the relationship between the contractile stress in the fiber's axial direction and A EMG. The total normal stress in the fiber's axial direction (zz) is zz ϭ pzz ϩ szz (6) where pzz is the normal stress in the parallel element. The total strain in the fiber's axial direction εzz, which is equal to the strain in the parallel element εpzz, is the sum of the strain in the series element εszz and the strain in the contractile element εczz: ε zz ϭ ε pzz ϭ ε szz ϩ ε czz (7) From Eqs. 2, 5, and 7, one can obtain the relationship between the contractile stress szz and the total normal strain εzz in the fiber's axial direction
Equations 1, 6, and 8 give the constitutive relationship in the fiber's axial direction. In the perpendicular direction, we use linear elastic constitutive equations. This contraction model will be incorporated into the overall computational model of the pharyngeal airway when undertaking our airway collapse analysis.
Parameter determination. The determination of the y 0, c, and m is based on measured data in the waking upper airway. The parameter y0 can be estimated by the muscle fiber shortening in a specific genioglossal condition: when the contractile stress szz is zero, we have, from Eq. 5, the normal strain in the contractile element
and, from Eq. 2, the normal strain in the series element ε szz is zero. Therefore, the total strain in the parallel element is
This minimal contractile force state should correspond to the minimal number of the attached cross bridges, which is achieved when A EMG reaches its lowest value in tonic activation during expiration. If we know the total normal stress loaded on the muscle fiber at this moment to be 0, after substituting p ϭ 0, C ϭ E and εp ϭ εzz into Eq. 1, the result is
The parameter c can be obtained by substituting Eq. 6 into Eq. 8 with specific stress condition zz ϭ 0 (zero upper airway pressure), which gives
where AEMG0 is the EMG value at zero upper airway pressure, and εzz0 is the corresponding muscle strain under this condition. The fact that the patency of a normal human upper airway is maintained when P decreases during waking is used to determine m. We can consider that, for a wide range of negative airway pressures, the displacement, and therefore the strain, along the fiber's axial direction is almost constant. Given a group of m values, we calculate c for each m value using Eq. 12 and plot the curve of ε szz vs. szz using Eq. 8. Comparing these curves with different values of m, we can find the m value that maintains the fiber's displacement in a large negative pressure range.
The values of y 0, c, and m determined under the waking condition will be used in both the waking and sleeping conditions. However, the function A EMG(P) in the above equations is different between waking and sleeping. During sleep, both tonic and phasic genioglossal muscle activities generally decrease by ϳ10 -20% during normal breathing, which has been observed in many of our laboratory's experimental studies (11, 59) . Most of the remaining tonic and phasic activities represent fundamentally pressure-independent (respiratory) inputs controlled by the central neuron, although we have still programmed it, for convenience, as a function of pressure but not phase or time. At this time, during sleep, the phasic activation increases slowly when upper airway pressure becomes more negative due to a substantial reduction but not complete loss of reflex mechanisms. In an actual simulation of upper airway behavior during sleep using the above muscle contraction model, a measured A EMG curve during sleep is required as an input.
Finally, it should be pointed out that there is a preactivation in the genioglossal muscle before the development of negative airway pressure. Because the measured EMG-pressure curve is used to calculate the number of cross bridges, this preactivation reflected in the EMG signal is also included in our muscle contraction model.
Construction of the geometrical structure of the pharyngeal airway. A two-dimensional geometrical structure of the pharyngeal airway is constructed based on our midsagittal plane magnetic resonance images from normal subjects (see Fig. 2 ). We define key points along the boundaries of all structures deemed important (tongue, mandible, hard palate, soft palate, uvula, hyoid bone, epiglottis, etc.). The key points are chosen such that each must be crucial in determining geometrical structure and are consistently available on obtained images. A "mean structure" for a specific group of subjects such as men or women can be obtained by averaging the corresponding signals collected from each image. Figure 3 shows a mean structure of the male upper airway obtained from five randomly selected magnetic resonance images of normal men.
Air flow and tissue deformation. The human pharyngeal airway is considered a mechanical system composed of multiple materials and having complex geometric structures. As our laboratory did previously (22, 37) , the upper airway is described as a two-dimensional channel in the midsagittal plane. Although this ignores the effects of the lateral walls, this model can mimic the anatomical structure in the midsagittal plane, thereby maintaining the major features of tongue and uvula movement, which play an important role in negative pressure-induced upper airway collapse.
Several basic approximations are used for air flow. Because the pressure drop across the upper airway is small and the flow velocity is generally much smaller than sound speed, we can assume air to be incompressible. We use a laminar flow model to describe the flow in the upper airway. As boundary conditions, the pressures at the entrance and the exit to the upper airway are given. Because the posterior pharyngeal wall is thin and attached to the vertebral bodies, we modeled it as a rigid structure.
For the solid part, the deformation of a tissue is controlled by the geometric equation, equilibrium equation, and constitutive equations given by Eqs. 1, 6 , and 8 for the genioglossal muscle, or given simply by a linear equation for all other pharyngeal tissues or bones by assuming that they are linear elastic materials. All soft tissues are assumed to be essentially incompressible. Therefore, each tissue can change its geometric shape under loads but maintains its total area during the deformation for a two-dimensional tissue model or maintains its total volume during the deformation for a three-dimensional tissue model.
In the three-dimensional structure of the upper airway, the soft palate gets support from other muscles such as palatoglossus or palatopharyngeus in the lateral direction. However, when the upper airway is simplified to a two-dimensional channel, these lateral supports are missing. The soft palate and uvula, therefore, become more deformable with this simplification. To compensate for the effect of losing lateral support, we introduce a "moving together" assumption: we let the soft palate and uvula basically move together with the tongue during negative airway pressure development by adjusting the elastic modulus of the soft palate and uvula to a somewhat higher value. See DISCUSSION for more explanations on this approximation.
The hard palate, mandible, and bottom of the epiglottis are considered fixed boundaries with zero displacement. At the interface of two solid tissues, such as the tongue and hyoid bone, the displacement must be continuous. The anterior part of the tongue and the boundary linking the bottom of the mandible and the bottom of epiglottis are considered free boundaries. The tongue, uvula, and other soft tissue, except the parts connecting directly to fixed boundaries, can move freely under loads. Fluid-solid interaction conditions are used at the deformable front wall of the upper airway, which is composed of the air-uvula, air-tongue, and air-epiglottis interfaces. The solid model calculates the displacement and gives the kinetic condition for the fluid model, and the force distribution calculated from the fluid model gives a dynamic boundary condition for the solid part.
Finite element analysis. The governing equations for air flow and tissue deformation are solved numerically using the finite element method, which is a widely accepted numerical procedure for obtaining solutions to many of the problems encountered in engineering analyses (6) . Because the genioglossal muscle only contracts along its fiber's axial direction, we mesh the tongue based on muscle fiber orientation. The constitutive matrix in each element of the genioglossal muscle is first given in the local coordinate system related to fiber orientations, and then it is converted to the global coordinate system for performing the finite element analysis. A nonlinear dynamic analysis software, ADINA (ADINA R & D, Watertown, MA), together with our own software, is used to make this simulation of air flow, tissue deformation, and airway collapse. Eight-node rectangular solid elements and three-node triangular fluid elements are employed.
Model inputs. The mechanical parameters for the genioglossal muscle (E, , L sar, ␣, and ␤), hard palate, hyoid bone, epiglottis, and air are given in Table 1 . Other inputs include epiglottis pressure P and the genioglossal A EMG [AEMG(P)] during waking and sleeping; a 0.8-cmH2O epiglottis pressure corresponding to the EMG value of tonic activity during expiration, which is used to calculate y0; and a 0.65% muscle shortening at zero epiglottis pressure, which is used to estimate c. Also, a value of 2.3 for the parameter m, which is determined by the procedure described in Parameter determination, is used in this simulation.
RESULTS
Muscle fiber stretch. EMG data used to test the contraction model are obtained from published results for the waking condition (3). For the sleeping airway, because no such measured EMG data are available for the same subjects, we estimated that both tonic and phasic genioglossal muscle activities decrease by ϳ15% during normal breathing based on the literature, and that phasic activation increases slowly when upper airway pressure becomes more negative due to a substantial reduction but not complete loss of reflex mechanisms (see Fig. 4 ) (10). Figure 5 shows the stretch of the genioglossal muscle fiber during different upper airway pressures and states (passive, sleep, and wake), which is normalized by the stretch of the passive muscle fiber at Ϫ5 cmH 2 O. From previous studies, we know for the normal male upper airway, that Ϫ5 cmH 2 O is the average closing pressure (P close ) under passive conditions and Ϫ13 cmH 2 O the average P close under sleeping E, elastic modulus; Lsar, length of sarcomere; V, Poission ratio of a given elastic material; ␣ and ␤, constants in series element model; , density of air; , viscosity of air; Ppeak, peak epiglottes pressure; y0, required displacement for generating contractile force; c, parameter in muscle contraction model (see Eq. 5); m, constant in cross-bridge model (see Eq. 4). *Based on an assumption that the tongue is almost incompressible. †These values are for heart muscle, and their definitions are somewhat different from ours. They will be transformed to the values under our definition. Also, to account for the difference in the extension shown in isotonic quick-release experiments between skeletal and heart muscle, we use a ␤ value twice the one utilized for heart muscle.
‡See Parameter determination and Model inputs. conditions (27, 50) . One can see from this figure that the genioglossal muscle fiber has a relatively similar stretch at Ϫ13 cmH 2 O pressure during sleep to that at Ϫ5 cmH 2 O under the passive condition. For the waking airway, the muscle fiber initial contraction is 38% larger than that in the sleeping airway at zero pressure (muscle preactivation) and then reaches a constant length, which keeps the upper airway open. These results are consistent with the observations of the upper airway under different conditions in normal subjects. Sensitivity analysis. A sensitivity analysis allows us to ascertain which of the parameters in the muscle contraction model have a significant effect on the muscle contraction behaviors. Table 2 shows the results obtained by varying each parameter by Ϯ30% from its reference value on the change in muscle fiber length (⌬L). All the calculated changes in the muscle fiber length under different pressures and states are normalized by the stretch of the sleeping muscle fiber at Ϫ13 cmH 2 O pressure (⌬L 0 ), which is calculated based on reference parameter values. Table 2 includes the results for several representative pressure values. A value of Ϫ2 cmH 2 O is roughly the peak negative pressure during a normal inspiration while awake, Ϫ4 cmH 2 O represents the peak negative pressure during inspiration while asleep, and Ϫ13 cmH 2 O is the mean P close of the male upper airway under the sleeping condition. A positive value in Table 2 represents a stretch, and a negative value represents a shortening in the muscle fiber. One can see from the table that A EMG , the coefficient c in Eq. 5, which is the product of the spring coefficient for a single cross bridge and a parameter relating to the increasing rate of the number of cross bridges, and especially the parameter m in Eq. 4, which gives the nonlinear degree of the relationship between the total number of cross bridges and the A EMG , have a substantial effect on muscle fiber length. In contrast, the changes of ␣ and ␤ in Eq. 2, which characterize the nonlinear elastic deformation of myosin and actin filaments under contractile forces, have only minor effects on muscle stretch. Figure 6 shows simulations of the genioglossal muscle under different conditions. In this figure, each large rectangle represents the genioglossal muscle with a vertical fiber orientation. The upper-left corner of each muscle is fixed. The remainder of the upper boundary can only move horizontally, and the lower boundary is fully free. We simulate genioglossal muscle behavior under four different conditions. Figure 6A shows muscle shortening with the increase of the contractile stress without any outside load. In Fig. 6 , B-D, negative pressure is loaded on the lower boundary of the muscle. In Fig.  6B , the passive model, there is a maximum stretch at Ϫ5 cmH 2 O, since this is the P close of the male passive upper airway. Figure 6C , the sleeping model, shows that the maximum stretch is at about Ϫ13 cmH 2 O, which is the P close for the male airway during non-rapid eye movement sleep. Figure 6D , the waking model, shows little muscle deformation under a large load due to the strong muscle activation during waking. In addition, from these two-dimensional simulations, one can also see that when an incompressible muscle stretches or contracts in its fiber's axial direction, it will also change its dimension in the perpendicular direction to maintain its original area. These results in Fig. 6 are consistent with the general contractile behaviors of skeletal muscle and the muscular hydrostat theory of tongue function (31, 54) .
Two-dimensional simulation of genioglossal muscle contraction.
Flow and deformation. After incorporating the genioglossal muscle contraction model into the two-dimensional finite element upper airway model, we analyze detailed flow, pressure distributions, tongue movement and upper airway collapse. Figure 7 shows tongue deformation and movement in the sleeping condition with various airway negative pressures. In contrast to the results in Figs. 5 and 6, which can only show the effect of the negative pressure-induced genioglossus stretch on pharyngeal collapse, the simulated changes in upper airway size under negative pressures in Fig. 7 include both the displacement of pharyngeal tissues from the transmural pressure exerted on these tissues and the genioglossal muscle stretch in the fiber's axial direction with a corresponding dimensional change in the perpendicular direction. The dashed lines give the initial locations of the tongue and uvula at zero pressure, Fig. 4 . Electromyogram (EMG) amplitude vs. normal stress (ϭ ϪP) curves used to test our contraction model. Data for the waking condition are obtained from published results (3) . For the sleeping airway, we estimated that both tonic and phasic genioglossal muscle activities decrease by ϳ15% during normal breathing (P Ն peak negative pressure) based on the literature and that phasic activation increases slowly when upper airway pressure becomes more negative due to a substantial reduction but not complete loss of reflex mechanisms. EMG activities before 0 stress (while airway pressure is positive) are preactivation likely resulting from phasic respiratory input. ⌬L and ⌬L0 are the change in the muscle fiber length for the modified parameters and the reference parameters, respectively. AEMG, EMG amplitude. 
DISCUSSION
In this study, we develop a pressure-and state-dependent muscle contraction model that can mimic genioglossal muscle activation behaviors and can be conveniently incorporated into a finite element model of the upper airway. The advantage of this model is that it builds a bridge between the contractile force and the measured EMG signals. Therefore, one can directly incorporate the measured EMG data and effectively avoid the difficulty in determining muscle shortening velocity during complex pharyngeal conditions when modeling the muscle's contractile behaviors. This makes it possible to input an individual's anatomical structure (magnetic resonance imaging), muscle activation information (EMG), and standard tissue mechanical properties into the computational model and produce a detailed finite element analysis of upper airway collapsibility. This muscle contraction model, developed on the basis of experimental observations, is very applicable and can correctly mimic the contractile behaviors of genioglossal muscle. Of course, as more experimental data on the structure, mechanical property, and activity pattern of the genioglossal muscle evolve, this contraction model can also be adjusted to allow the incorporation of new information.
As shown in Table 2 , the stretch of muscle fiber under given negative pressures is sensitive to the parameter m, which quantifies the nonlinear nature of the relationship between the total number of cross bridges and A EMG (Eq. 4 would be linear if m ϭ 1). Our results show that m should be much larger than 1; therefore, the relationship between the number of cross bridges and A EMG is very nonlinear. Without direct experimental data, it is hard to estimate the error produced by using the measured EMG to predict the number of cross bridges. However, currently available experimental results on the relationship between EMG and tension suggest that our model can predict muscle behaviors similar to that observed in isometric muscle experiments (5). In our simulation, two major variables can contribute to the contractile force: one is the total number of the attached cross bridges, and the other is the displacement of the cross bridges (see Eqs. 4 and 5) . Varying either of them can change the contractile force. The model predicts that, during waking, the length of the activated genioglossal muscle fiber, whose cross-bridge number is predicted using the EMG, is maintained in a large range of negative pressures (see Fig. 5) , and, therefore, the muscle is roughly isometric. From Fig. 4 , we can see that, in the same pressure range, the relationship between EMG and stress is quite linear. This is consistent with the observed relationship between EMG and tension in isometric muscle experiments (5) .
An important variable that affects the contractile ability of skeletal muscle is the length of the sarcomere. The developed tension is directly related to the degree of overlap between myosin and actin filaments in individual sarcomeres (25, 26, 44) . The isometric length-tension experiment performed by Gordon et al. (16) shows that the developed tension is a nonlinear function of the sarcomere length, with the greatest developed tension found near the length it occupies in the body. There is a plateau in the developed tension when the sarcomere length is in the range of 2.0 -2.25 m (a 12.5% stretch). In our muscle contraction model, we did not model the effect of the muscle fiber length on the number of cross bridges and, therefore, on the contractile force. This was due to the following consideration. Using the Ϫ5-cmH 2 O P close of the normal male passive airway and the Young's modulus of the passive tongue E ϭ 6,000 Pa, one can estimate that the maximum muscle stretch (ϪP close /E) reached when the upper airway is fully collapsed is only ϳ8%. For apnea patients, the maximum stretch is even smaller due to a narrower upper airway and sometimes a bigger tongue in these patients. Therefore, there is little effect of the length of genioglossal muscle fibers on the number of cross bridges during upper airway collapse.
When modeling the parallel element, we assumed that connective tissue can be described as linear elastic material. Generally, the elastic behavior of a passive muscle is not simply linear (14, 44) . A muscle can get stiffer when it is extended. Therefore, the tension curve for a passive muscle gets steeper at larger stretch. However, as described above, the maximum stretch of the genioglossal muscle during upper airway collapse is Ͻ8%. In this displacement range, a linear elastic material assumption for the passive tongue seems acceptable.
The soft palate and uvula consist of different muscles, such as the levator veli palatini, tensor veli palatini, palatoglossus, palatopharyngeus, and muscular uvula, which show different contractile behaviors. The palatoglossus has prominent inspiratory phasic activation, but the tensor palatini has no such phasic activation, whereas the levator platini varies between inspiratory and expiratory activation (45, 56, 57) . These muscle fiber orientations are much more complex than that of genioglossal muscle, and many of them, such as the orientation of the palatopharyngeus, are mainly in the lateral direction. Thus it is impractical to directly simulate the activation of the soft palate and uvula muscles in such a two-dimensional approximation of the pharyngeal airway. Our major objective in this study was to develop and test the contraction model for the genioglossal muscle and simulate tongue movement under negative upper airway pressure conditions. Therefore, in the present two-dimensional upper airway simulation, instead of directly mimicking the soft palate and uvula muscle activity, we simply described them as elastic materials. In addition, we introduced a "moving-together" assumption and accounted for the effects of the muscle contraction of the soft palate and uvula under different pharyngeal states (passive, sleep, and wake) by giving a different elastic modulus. Under such an approximation, the uvula can move together with the tongue during a decrease in airway pressure but not result in a significant resistance to tongue movement. This is an approximation for the current two-dimensional simulation of upper airway collapse but likely approximates the actual situation. A realistic simulation of the contraction of the soft palate muscles would necessitate upper airway tissue deformation in the lateral direction, which is not possible with a two-dimensional model. In the future, we plan to develop a muscle contraction model for the soft palate and uvula using methods similar to those for the genioglossal muscle model and apply it to a three-dimensional simulation of human upper airway deformation.
To test our contraction model of genioglossal muscle, we incorporated it into our two-dimensional finite element model of the human pharyngeal airway. Although this is a twodimensional model, it maintains the major features of tongue and uvula movement in the anterioposterior direction (7, 21) . A number of mathematical models have been developed to describe upper airway behaviors in recent years. However, because the human pharyngeal airway is a very complex mechanical system involving irregular geometric structures and tissues with different mechanical properties and functions (including muscle contraction), it is not an easy task to model the flow, deformation, and collapse of the human upper airway. Thus extensive simplifications have been utilized in these models. The collapsible tube models are used to describe flow, pressure-volume, or pressure-cross-sectional area relationships, or to help interpret the experimental findings of collapse and obstruction in the upper airway. Aittokallio et al. (1) recently developed a new collapsible tube model to simulate the snorer's upper airway. Using the model, Aittokallio et al. analyzed the flow and cross-sectional area changes of the tube and predicted nasal flow profile. In addition, using a modified model involving upper airway forces, they also predicted the inspiratory flow shapes during sleep (2) . However, collapsible tube models are far from realistic simulations of the collapse in the upper airway. The human pharynx is far from an axisymmetric tube not only in its geometric structure but also in the mechanical properties and functions of its surrounding tissues. To investigate upper airway collapse, Gavriely and Jensen (15) modeled the human upper airway by a movable segment supported by a spring that is connected to a rigid channel having a rectangular cross section and resistance to flow. Using this lumped-parameter model, they investigated the effects of geometric parameters, resistance, compliance, and gas density on upper airway closure. Their model predicted that the width and length of the movable portion of the upper airway and the gas density are likely to affect the onset of snoring (15) . Huang and Williams (23) developed another lumped-parameter model, which simulated the deformation of the upper airway wall by a piston having damping and elastic functions, to analyze the neuromechanical interaction in human snoring and upper airway obstruction and demonstrated the importance of delay in the muscle reflex to airway negative pressure during sleep. Using an orifice flow model, Leiter (36) investigated the relationships among pressure, flow, orifice shape and orientation, and genioglossal EMG in the human pharyngeal airway during inspiration, which suggested that genioglossal muscle shortening increased pharyngeal area and reduced pharyngeal resistance more effectively when the pharynx is elliptical, with the long axis of the ellipse oriented laterally. Different mechanical models developed in past years have contributed greatly to our understanding of upper airway physiological processes. However, all the above models importantly simplify the upper airway geometric structures and muscle mechanical properties, and such lumped-parameter models cannot provide localized details of upper airway flow and deformation.
Shome et al. (53) developed a three-dimensional model of airflow in the human pharynx to investigate the effect of turbulence and flow rate on airflow characteristics. Although they used anatomically correct geometric structures, this model cannot be used to simulate tissue deformation and upper airway collapse because it is a pure flow model in a rigid upper airway. The major differences between our upper airway model and the above models are the following. First, our construction of the upper airway geometry is based on the realistic anatomical structure of the midsagittal plane of the human upper airway, and therefore our model is anatomically correct. Second, our model simulates both air flow and tongue movement, which involves strong air-tissue interactions on the deformable interfaces of air-uvula, air-tongue, and air-epiglottis. Third, this is not a lumped-parameter model but a detailed simulation of flow and tissue status, including local deformation and movement of the tongue under outside load and muscle contraction.
The feasibility of using such a two-dimensional model to simulate air flow and tissue deformation and investigate upper airway collapsibility has been demonstrated in our earlier simulation of the passive upper airway (22, 37) . Two results strongly support the validity of such a two-dimensional approximation. First, by matching the measured Ϫ5-cmH 2 O P close in the male passive airway (27) , we predicted a 6,000-Pa Young's modulus of the passive tongue using our two-dimensional model, which is almost identical to the value 6,200 Pa, the measured Young's modulus of passive skeletal muscle (8, 34) . Second, using our passive male airway model with the same tissue mechanical properties but different anatomies for a female model, we predicted that Ϫ7-cmH 2 O pressure would be required to collapse the female passive airway. This is again similar to Isono [2 female studies (personal communication)]. Therefore, this two-dimensional approximation of the upper airway seems to accurately describe the pharyngeal muscle behaviors during the process of airway collapse.
In the presented study, a laminar model was used for the flow simulation. This laminar flow approximation has potential limitations because it cannot apply to all types of flow regimes that can exist in the pharyngeal airway. During upper airway collapse, with the pressure decreasing gradually from 0 cmH 2 O to the P close , the flow in a normal upper airway will progress from laminar to nonlaminar (which is mainly a transition from laminar to turbulent flow), and then to laminar flow again when the flow rate decreases substantially (low Reynolds number) before the upper airway is fully collapsed. If a laminar flow model is used to predict the airway pressure (not the P close ) for a specific situation, such as 30 or 50% airway collapse (not full collapse), it will produce inaccurate results if the Reynolds number is high. However, our primary purpose is to predict the upper airway P close . As stated above, the flow before pharyngeal obstruction should be laminar. Therefore, we believe this laminar flow model serves our purpose well.
Upper airway collapse is fundamentally a complex threedimensional problem. The muscle behaviors are also very complex. As mentioned in the introduction, we realize that, in addition to the genioglossus muscle, other intrinsic and extrinsic tongue muscles, additional pharyngeal dilator muscles, as well as pharyngeal constrictor muscles are also active during respiration and contribute to upper airway patency. Therefore, limitations exist in our model if one is looking for a complete clinical prediction of upper airway collapse, because we do not incorporate the full effects of activation of these additional muscles. Currently, there are no available data addressing the activity of either other extrinsic or intrinsic tongue muscles during sleep in humans. A rat study performed by Fuller et al. (12) suggests that progressive increases in respiratory drive are associated with the coactivation of the tongue protrudor (genioglossus) and retractor (styloglossus and hyoglossus) muscles and that this coactivation causes retraction of the tongue. In addition, a human study performed by Mateika et al. (41) demonstrated a coactivation of the tongue protrudor and retractor muscles during hypercapnia and asphyxia while awake. On the other hand, in a human study of five apnea patients (9) , it was demonstrated that coactivation of the tongue protrudor and retractor muscles, if it really occurs in humans during normal breathing, yielded an ϳ10% difference in maximal airway flow from genioglossus activation alone. Finally, a human study performed by Kobayashi et al. (32) reported that, during rapid inspiration, the posterior edge of the tongue moved forward (not backward), which suggests that the genioglossus muscle may dominates the tongue's contractile behaviors during inspiration. In the pharyngeal constrictor muscle studies, Kuna (35) examined the respiratory-related activation of these muscles in decerebrate cats, normal adult humans, and patients with obstructive sleep apnea. The results showed that selective activation of the constrictor muscles could stiffen the pharyngeal airway and could constrict the airway at relatively high airway volume but dilate the airway at relatively low airway volume (35) . Thus we need to emphasize that, although we only directly modeled genioglossal muscle contraction in the present study, we do not claim that the genioglossus is the only active tongue muscle during wakefulness or sleep. Because our major purpose in simulating upper airway deformation in this paper was to test our genioglossal muscle contraction model and to determine how the activation of this specific muscle influenced the tongue deformation during wakefulness and sleep, we did not directly simulate other tongue muscle activity in this two-dimensional simulation of the upper airway collapse. Thus we did not model the complete clinical scenario. We would like to indicate, however, that in our simulation of the upper airway collapse, the overall effect of other upper airway muscles is, in fact, partly reflected in the parameters c and m in Eq. 5. We determined these parameters assuming constant airway area during wakefulness, which results from the contributions of all pharyngeal muscles. For a more accurate simulation of upper airway flow, deformation, and collapse under different conditions and a deeper investigation into the pathophysiology of obstructive sleep apnea, we must and have begun to develop a more realistic computational model based on the three-dimensional anatomical structure of the human upper airway. Additional pharyngeal muscles and their behaviors will be simulated in the new model. We believe that such a three-dimensional computational model, including simulations of pharyngeal anatomy, muscle activity, and tissue mechanical properties, can play an important role in future studies of pharyngeal pathophysiology, surgical planning, and the development of new therapies for obstructive sleep apnea.
